insecticide-tolerance and degrading abilities of five zooplankton species, including Sinocalanus tenellus a dominant species in Lake Shinjiko and Oithona davisae a dominant species in Lake Nakanoumi, and rate constants for disappearances of insecticides in environmental water were examined.
INTRODUCTION
Oithona davisae, dominant species in brackish lakes, Lake Shinjiko and Lake Nakanoumi, respectively, and showed that the zooplankton might play some roles as decomposer of pesticides in the lakes. The present study was undertaken to clarify the contribution of zooplankton to disappearances of organophosphorus insecticides in environmental water. The population research of zooplankton was carried out in Lake Shinjiko and Lake Nakanoumi. Insecticidetolerance and degrading abilities of five zooplankton species, including dominant species in both lakes, and rate for disappearances of several insecticides in water from both lakes were examined. The contribution of zooplankton to disappearances of organophosphorus insecticides in environmental water was estimated.
MATERIALS AND METHODS 1. Zooplankton 1. 1 Collection and rearing S. tenellus, O. davisae, Acartia sp., Brachionus plicatilis and Artemia sauna were used in this work. Copepoda calanoida S. tenellus was collected by slow towing of a NXX 15 plankton net (Rigosha Co., Ltd.) in Lake Shinjiko. Copepoda cyclopoida O. davisae and copepoda calanoida Acartia sp. were collected in Lake Nakanoumi in a similar way. Rotatoria B. plicatilis and anostraca artemiidae A. saliva, which were given from Etomo and Mitoya Branch, Shimane Prefectural Fisheries Experimental Station, respectively, were grown on prasinophyceae minute alga Tetraselmis tetrathele in artificial seawater (Haipetto Co., Ltd. ) in a 1-1 flask and a 2-1 beaker, respectively. Zooplankton was reared at 28°C in a laboratory.
2 Isolation
The adults of zooplankton collected from each lake were filtered through nylon nets (c 98 and 64um mesh sizes). The adults of S. tenellus and Acartia sp. were isolated on a 98-am nylon net. The adults of 0. davisae were isolated on a 64-am nylon net. The adults of B. plicatilis and A. saliva were isolated by filtering through a 64-am nylon net and a 500-, um sieve made of stainless steel, respectively. The isolated zooplankton was rinsed with artificial brackish water or seawater sterilized by passing through a 0. 2-µm membrane filter (Toyo Roshi Kaisha, Ltd. ) and was immediately tested.
3 Measurement o f weight
The sterilized artificial brackishwater or seawater containing adults of zooplankton was filtered through a 1.0-am membrane filter (Toyo Roshi Kaisha, Ltd.). After drying the filter in a desiccator for 2 days, the filter weight was measured. The individual weight of zooplankton was obtained by dividing the difference of the filter weights before and after filtration by the number of zooplankton.
4 Population researches in Lake Shinjiko and
Lake Nakanoumi The population researches of zooplankton in Lake Shinjiko and Lake Nakanoumi were carried out every month from the April of 1991 to the March of 1995. The research stations were three in each lake and one in the Ohashigawa River that connects both lakes. Zooplankton samples (ca. 80 ml) collected by slow vertical towing of a NXX 15 plankton net from the bottom were transferred carefully to 200-m1 polychloroethylene vials, and formalin (ca. 20ml) was added to preserve the sample. Depth of point was also measured by a depth sounder (HE-570, Honda Electronics Co., Ltd. ). A 1. 0-m1 portion of each zooplankton sample filled up to 100 ml was pipetted out to count the number of zooplankton species and their individuals. Densities of zooplankton were determined based on the number of zooplankton and the volume of water filtrated by the net.
Insecticides
Cyanophos (p-cyanophenyl dimethyl phosphorothioate, technical grade 95. 0%), salithion (2-methoxy 4H-1, 3, 2-benzodioxaphosphorin 2-sulfide, technical grade 94. 2%), malathion (S-1, 2-bis(ethoxycarbonyl)ethyl dimethyl phosphorodithioate, technical grade 97. 5%) and fenitrothion (dimethyl 4-vitro-mtolyl phosphorothioate, technical grade 96. 3%) were donated by Sumitomo Chemical Co., Ltd. Diazinon (diethyl 2-isopropyl-4-methyl-6-pyrimidinyl phosphorothioate, technical grade 96. 5%) and phenthoate (S-[a-(ethoxycarbonyl)benzyl] dimethyl phosphorodithioate, technical grade 93. 6%) were donated by Nihon Nohyaku Co., Ltd. Dichlofenthion (2, 4-dichlorophenyl diethyl phosphorothioate, technical grade 98. 0%) was donated by Sankyo Co., Ltd. These organophosphorus insecticides were used without further purification.
Measurement of Insecticide-Tolerance and
Degrading Abilities of Zooplankton The tolerance of zooplankton to insecticides was evaluated by 50% lethal concentration (LC5o). The insecticide-degrading ability of zooplankton was evaluated by the rate constant (kg) for disappearance of insecticide caused by zooplankton and the bioconcentration factor (BCF) of insecticide. The detailed descriptions of these methods have been given in a previous paper.1)
Measurement of Disappearance Rates of
Insecticides in Water of Lake Shinjiko and Lake Nakanoumi To evaluate the contribution of zooplankton, rates for disappearances of insecticides in water of Lake Shinjiko and Lake Nakanoumi were tested. The experiments were carried out by using water samples collected from both lakes in the autumn of 1983 and in the spring of 1991. To a 500-ml beaker was added a 1.0-ml portion of acetone solution of fenitrothion (50ppm), salithion (150ppm), malathion (150 ppm), cyanophos (500ppm) or diazinon (500 ppm). After evaporation of the acetone, 500 ml of lake water was added. These beakers were incubated at 250C out of doors on fine days under conditions of 12 hr-light and 12 hrdark. As a control, autoclaved lake water (1210C, 1.5 atm, for 10 min) was incubated under the same conditions. A 5.0-ml portion of each incubation solution was pipetted out at appropriate time intervals to determine the residual amounts of the insecticides.
The rate constant for disappearance of insecticide in water was evaluated by the following equations using first-order kinetic analysis:
where the concentration of an insecticide in medium, the rate constant for disappearance of an insecticide caused by each factor in lake water and the total rate constant of disappearance of an insecticide in lake water are expressed by [S], ki and k, respectively.
Determination of Insecticides
The amounts of insecticides extracted with CH2C12 from medium and zooplankton were determined by gas-liquid chromatography equpped with a flame thermoionic detector (FTD-GLC) using the internal standard method. The detailed description of this method has been given in a previous paper. 0 6 . Contribution of Zooplankton to Disappearance of Insecticides in Environmental Water Contribution (A) of zooplankton to disappearance of an insecticide in environmental water was evaluated by the following equation :
where the density of zooplankton in lake is expressed by [Z] .
RESULTS AND DISCUSSION
Zooplankton Researches
Researches of zooplankton in Lake Shinjiko and Lake Nakanoumi were carried out every month from the April of 1991 to the March of 1995. The research stations were three in each lake and one in the Ohashigawa River (Fig. 1 ). Ten and eleven species of zooplankton were identified in each central point of Lake Shinjiko and Lake Nakanoumi, respectively (Fig. 2) . Dominant species in the lakes were S. tenellus and 0. davisae, respectively ( Table  1 ). The maximum density of S. tenellus in Lake Shinjiko was 174. 7 individuals Jl at station C in the January of 1993 and that of 0. davisae in Lake Nakanoumi was 285. 7 individuals/l at station G in the November of 1993.
2. Insecticide-Tolerance and Degrading Abilities of Zooplankton Six-hour LC5o values of salithion, malathion and fenitrothion for Moina macrocopa, which is a freshwater zooplankton species used frequently in toxicity test of chemicals, were re- ported to be 0.07, 0.007 and 0.02ppm, respectively. 2' The LC50 values of these organophosphorus insecticides for zooplankton used in this work were higher than those for M. macrocopa (Table 2) . Five tested zooplankton species showed much higher tolerance to the above three insecticides than M, macrocopa. Three copepods showed lower tolerance to phenthoate and diazinon than other zooplankton species. LC50 values of diazinon for these copepods were similar to that for M. macrocopa (0.007ppm for 6 hr). 2) E. plicatilis and A. sauna were more tolerant than these zooplankton species. Thus, it is considered that tested brackish and marine zooplankton appear to be more tolerant to organophosphorus insecticides than M, macrocopa, freshwater zooplankton. It is expected that these five zooplankton species might have abilities to degrade various organophosphorus insecticides. The disappearances of insecticides by the zooplankton were investigated at concentrations much lower than the LC50 values. The disappearance of insecticides in the presence of the zooplankton was faster than that in the absence of the zooplankton al- a) 95% confidence limits are given in parentheses. though the extent seems to depend on insecticide types, zooplankton species and their number (Fig. 3) . The disappearance is probably due to the uptake and degradation of insecticides by zooplankton. The disappearance was analyzed by first-order kineticsl' to calculate the rate constant (kg) for disappearance caused by the zooplankton. A. salina, which is the heaviest in individual body weight and showed the highest insecticidetolerance among all zooplankton species, caused the most rapid insecticide-disappearance among all zooplankton species (Tables 3,   4 ). kg of A. salina for dichlofenthion was ca. 140 times larger than that of 0. davisae. kg's of 0. davisae and B. plicatilis were relatively smaller than those of other species. This is probably because the individual bodies of 0. davisae and B. plicatilis are light in weight compared with those of other species. In three copepods, kg's for malathion were the largest among all kg's. kg's for dichlofenthion were relatively larger than those for other insecticides. kg's for diazinon, which is highly toxic to three copepods, were small compared with those for other insecticides. Bioconcentration factors (BCF's) of insecticides for zooplankton were evaluated as the ratio of insecticide concentration in zooplankton to that in medium (Table 5) . No metabolites of insecticides were detected by FTD-GLC from both zooplankton and solution. Although BCF's of dichlofenthion with large kg were the largest among all BCF's, those of malathion with relatively large kg for three copepods were not always large. It was con- Table  4 Weights of zooplankton.
a) ag/individual. sidered that malathion was more easily degraded in the body of three copepods than dichlofenthion. The degradation ratio of malathion taken by three copepods were higher than the corresponding ratio of dichlofenthion (Table 6 ). Cyanophos and fenitrothion with small kZ do not seem to be easily degraded in the body of zooplankton, and phenthoate, though its kZ was not large, appears to be easily degraded by the zooplankton. Zooplankton species that cause rapid insecticide-disappearance may have high insecticide-uptake ability and show high BCF. If the zooplankton shows low BCF, the zooplankton may have high ability to degrade insecticides. This should be confirmed by estimations of the insecticide-uptake ability and the activity of insecticide-degrading enzyme isolated from zooplankton.
Disappearance of Insecticides in Environ-
mental Water To evaluate the contribution of zooplankton, rates for disappearance of insecticides in water of both lakes were measured. As shown in Figs. 4 and 5, the disappearance of insecticides in the light term was faster than that in the dark term. It is suggested that the photodegradation is responsible for the majority of the disappearance of insecticides in environmental water. The concentration of malathion in the non-autoclaved water of Lake Nakanoumi at 42 hr was below the detection limit (10 pg/ul) In the autumn of 1983, the rate constants in the water of Lake Shinjiko and Lake Nakanoumi were very similar (Table 7 ). In the spring of 1991, the rate constants for disap- Fig. 4 Disappearances of fenitrothion (o), cyanophos (A) and diazinon (U) in water from Lake Shinjiko and Lake Nakanoumi in the autumn of 1983. Table 7 Rate constants for disappearances of organophosphorus insecticides in non-autoclaved water of Lake Shinjiko and Lake Nakanoumi out of doors in the autumn of 1983. a) day- 1. pearance of insecticides in the water of Lake Nakanoumi were larger than those in the water of Lake Shinjiko (Table 8) . Little change of water qualities was observed from 1983 to 1991, [3] [4] [5] [6] [7] [8] [9] [10] [11] indicating that the differences in the rates between the autumn of 1983 and the spring of 1991 are regarded as seasonal changes.
The autoclaving changed pH values of the water of Lake Shinjiko and Lake Nakanoumi from 7.0 to 8.9 and from 8.8 to 9.0, respectively ( Table 8 ). The disappearance rate constants of malathion and salithion in the autoclaved water of Lake Shinjiko were larger than those in the non-autoclaved lake water. Little change in the pH values was observed in the water of Lake Nakanoumi. The differences in the rates between the autoclaved and nonautoclaved water of Lake Nakanoumi correspond to the disappearances of insecticides caused by the action of biota in the water. The differences in the rates of fenitrothion, malathion and salithion were 0.20, 0.68 and 0.02day, and their ratios to the rates in the non-autoclaved water were 18. 9, 39. 3 and 8.3%, respectively, indicating that malathion more easily disappears by biota than fenitrothion and salithion. Disap- pearance of Insecticides in Environmental Water The contribution of zooplankton to disappearance of insecticides was calculated by Eq. (3). There was no large difference in the disappearance contributions of S. tenellus in Lake Shinjiko and O. davisae in Lake Nakanoumi among each station was between spring and autumn (Tables 9 and 10 ). Their contributions were a few percents at maximum. The total contributions of S. tenellus, O. davisae and Acartia sp., which are the dominant species in both lakes, were also insignificant ( Table 11 ). The maximum contributions of zooplankton to disappearance of fenitrothion, malathion and salithion in spring were 0.4, 8.1 and 3. 4% in water of Lake Shinjiko, and 0.1, 0.7 and 1.9% in water of Lake Nakanoumi, respectively. The maximum contributions of zooplankton to disappearance of fenitrothion, cyanophos and diazinon in autumn were 0.6, 4. 6 and 0. 8% in the water of Lake Shinjiko and Table 8 Rate constants for disappearances of organophosphorus insecticides in water of Lakes of Shinjiko and Nakanoumi out of doors in the spring of 1991. a) day-1. Table 9 Maximum contributions of S. tenellus to disappearances of organophosphorus insecticides in water of Lake Shinjiko in spring and autumn. a) Averages of 48 experiments are given in parentheses.
Contributions of Zooplankton to
0.1, 2.7 and 1.2% in the water of Lake Nakanoumi, respectively. The contributions to disappearance of other organophosphorus insecticides may be similar to these values. Our study demonstrated that the brackish or marine zooplankton had insecticide-tolerance and degrading abilities and that some parts of insecticides that entered in the aquatic environment disappeared by the insecticidedegrading action of zooplankton although their contributions were not so large in the water environment. Pesticides applied to the fields are sometimes detected from environmental water, 12, 18) fish, 14, 15) shellfish. 16) Hanazato reported that the exposure of zooplankton to carbaryl affected their survival, growth and reproduction, 17) and that pesticides induced helmet formation in cladoceran Daphnia ambigua. 18) Zooplankton exposed to pesticides in a long term could change their pesticide-tolerance and degrading abilities. Studies on these abilities of zooplankton exposed to pesticides are now in progress.
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